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ABSTRACT
Dynamic Light Scattering (DLS) and Small-Angle Neutron Scattering (SANS) are two key tools to probe the dynamic and static structure
factors, respectively, in soft matter. Usually, DLS and SANS measurements are performed separately, in different laboratories, on different
samples, and at different times. However, this methodology has particular disadvantages for a large variety of soft materials, which exhibit a
high sensitivity to small changes in fundamental parameters, such as waiting times, concentration, pH, and ionic strength. Here, we report
on a new portable DLS-SANS apparatus that allows one to simultaneously measure both the microscopic dynamics (through DLS) and the
static structure (through SANS) on the same sample. The apparatus has been constructed as a collaboration between two laboratories, each an
expert in one of the scattering methods, and was commissioned on the LOQ and ZOOM SANS instruments at the ISIS Pulsed Neutron and
Muon Source, U.K.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0035529

I. INTRODUCTION

Soft materials are ubiquitous in a variety of industries, includ-
ing foods, pharmaceuticals, personal care products, and cosmet-
ics. They exhibit unique behaviors that are often fundamental to
their applications in those industries1 but which stem from their
microscopic properties.2,3 Soft materials also offer the possibility
to investigate many of the key topics in soft condensed matter
in general, such as slow reactions and kinetics, aging processes,
gelation, controlled release, food processing, micellar growth, and

aggregation phenomena. Correlating the microscopic behavior with
these macroscopic processes is thus a fertile ground for research.

Light scattering has long been used for the characterization of
soft matter and dynamic light scattering (DLS) has demonstrated
itself to be a crucial and indispensable technique to investigate the
dynamics.4 DLS measures the stochastic temporal variations in the
scattered laser light, resulting in a time autocorrelation function
describing the timescales of mutual diffusive motion of the scattering
objects. This information can then be used to derive the hydrody-
namic size of objects in suspension.5,6 However, the autocorrelation
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function itself is especially useful for investigating the microscopic
dynamics of soft matter systems, including colloids,7–9 polymers,10

microgels,11,12 proteins,13 and vesicles,14 and for characterizing phe-
nomena such as sol–gel transitions15 or the formation of arrested
states through changing concentration or waiting time (aging).16–18

All this is possible because the technique studies spatial perturba-
tions of the order of a micrometer or less (a typical scattering vector
is of the order of Q = 10−2 nm−1) but also probes time scales in
the range of nanoseconds and above. These two conditions typically
characterize a wide range of soft matter systems.

Techniques such as (Ultra-)Small-Angle Scattering, whether
performed with x-rays [(U)SAXS] or neutrons [(U)SANS], are capa-
ble of probing soft matter on comparable to somewhat comple-
mentary length scales as light scattering, typically from a few nm
to hundreds of nm.19–21 However, compared to DLS, these tech-
niques are only capable of studying the time-averaged structure in
the system. The best laboratory SAXS or SANS instruments might
achieve a time resolution of around 100 ms in an optimal system
(although sub-millisecond time resolution has been demonstrated
with a rare form of SANS called TISANE22), while even synchrotron
SAXS would be hard-pressed to achieve better than 100 μs. On the
other hand, the great advantage of neutrons is that they permit one
to selectively highlight, or suppress, the scattering from one or more
components in a complex soft matter system by deuteration. This
“contrast variation” approach is possible with light and x-rays (by
varying the refractive index or electron density, respectively) but, in
practical terms, is extremely difficult to execute. There is, therefore, a
clear scientific benefit to performing simultaneous DLS-SANS mea-
surements on soft matter systems arising from the synergy between
the two techniques. The clear disadvantage of SANS, of course, is
that (at present) it can only be performed at large-scale facilities.

Today, the use of multiple experimental techniques is recog-
nized to be of fundamental importance to understanding the prop-
erties of real-world materials. In particular, combining information
about both structural and dynamical behavior is imperative since it
is the complex interplay between the structure and dynamics that
determines the microscopic relaxation processes responsible for the
macroscopic mechanical properties of a material. This knowledge is
crucial for a detailed understanding of properties of samples and to
facilitate the tailored design of materials with specific properties.23,24

Within this framework, reliably performing simultaneous DLS and
SANS measurements would represent a breakthrough in helping
develop our understanding of this underlying and often complex
behavior that simply cannot be uniquely determined through the use
of a single technique.

Given the above, it will not be a surprise to learn that com-
bining DLS with SAXS/SANS has been a goal of several groups in
recent years. Kohlbrecher et al.25 augmented a high-pressure SANS
sample environment with a DLS. Nawroth et al.26 and later Heigl
et al.27 both combined DLS with stop-flow SANS. Schwamberger
et al.28 implemented DLS-SAXS on a flow-through capillary for
online metrology purposes, while Falke et al.29 designed a multi-
channel DLS system for the BioSAXS endstation at PETRA III. How-
ever, because the vast majority of soft matter SANS experiments are
conducted on fluid samples in cuvettes, which are both optically
and neutronically transparent, delivering a capability for DLS-SANS
with a sample changer has remained a key aspiration of the SANS
community.

The aim of the present paper is to report on a new com-
pact portable DLS apparatus, conceived, designed, and implemented
by a team from the Institute for Complex Systems (ISC), CNR,
Italy, working in collaboration with SANS scientists and engineers
from the ISIS Pulsed Neutron and Muon Source, UK. The appa-
ratus is fully enclosed to meet stringent safety regulations, has a
relatively small footprint, and includes a temperature-controlled
sample changer. When installed on a SANS instrument, the appa-
ratus permits complementary and simultaneous information on
the microscopic structure (through SANS) and dynamics (through
DLS) of soft matter systems to be acquired. In this paper, we val-
idate the performance of the instrument by performing simulta-
neous DLS and SANS measurements on dilute polymer nanopar-
ticle samples and compare the radii derived through the two
techniques.

II. DESIGN CRITERIA
While SAXS/SANS instruments are often highly adaptable to

the sample environment needs of an experiment, equipment com-
plexity and experimental turnaround time are generally divergent
quantities. This becomes an important consideration at large-scale
facilities where the inherent cost of beam time is high and there is
an ethos of minimizing downtime. Laser safety is another impor-
tant consideration in these multi-user working environments. While
laser hazards can always be mitigated by engineered controls and
interlocks, if these are infrastructural, as distinct from local to the
apparatus, then the portability of the apparatus is sacrificed.

With these considerations in mind, the new apparatus has been
designed to satisfy several competing requirements: an enclosed
“drop in”/“modular” apparatus with a compact footprint, suffi-
ciently robust to facilitate use on any of the four SANS instruments at
ISIS (or, in principle, elsewhere), with its own interlock system, easy
to align (both neutronically and optically) in a reproducible man-
ner, and incorporating a temperature-controlled sample changer
(to reduce operator interaction with the laser, to make more effi-
cient the use of neutron beamtime, and indeed to facilitate useful
science).

From the outset, one of the most challenging aspects of the
design was the need to maintain as minimal an air path for the neu-
trons as possible. This was because the “cold” neutrons used in SANS
are significantly attenuated and scattered by the much more massive
gas molecules in air. As evacuating the apparatus was not considered
a practical solution, given most soft matter samples are fluids, this
meant that the feasibility of the design depended on one important
technological challenge: namely, miniaturizing the optical elements
of the apparatus sufficiently while retaining good quality optical
data. Achieving this would naturally also help make the apparatus
compact and portable.

To find out, a simple prototype DLS apparatus was constructed
at the CNR-ISC in order to experiment with different optical geome-
tries and beam paths. The efficiency of these setups was then char-
acterized in terms of the quality of the autocorrelation function
acquired in a given time from a polystyrene latex dispersion stan-
dard using the same sort of sample cuvette and sample volume
(≈250 μl) as would be used for a SANS experiment.

From combining the design criteria with the prototyping, we
then arrived at the final setup shown in Fig. 1. A “lift-on/lift-off”
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FIG. 1. Photograph of the DLS-SANS apparatus without the enclosure. The cover
of the sample rack assembly, which aids temperature control, is also removed for
clarity. The red arrows indicate the path of the laser beam, while the dashed cyan
arrow indicates the path of the neutron beam.

interlocked enclosure, presenting a robust physical boundary capa-
ble of adequately containing the laser radiation generated within
it, protects operators on the outside and helps exclude dust and
facilitate temperature control.

III. APPARATUS DESCRIPTION
The DLS-SANS apparatus (see Fig. 1) comprises a black

anodized aluminum optical breadboard (780 × 350 × 13 mm3,
Thorlabs) onto which all of the system is mounted. The out-
put from a solid state laser of 100 mW power at λ = 642 nm
(Coherent® OBIS 640 LX) is attenuated through an interchange-
able optical filter and focused onto the center of a sample cuvette
(1 mm or 2 mm pathlength, e.g., Hellma GmbH Type 120-QS or
Starna Scientific Type 32-Q) through the lens L1. A short lin-
ear translation stage (M-ILS250PP, Newport Instruments) per-
mits movement of a temperature-controlled sample changer assem-
bly on which is mounted a seven-position rack (in-house design,
ISIS Pulsed Neutron and Muon Source) that houses the sample
cuvettes. Temperature control is achieved using an external circu-
lating fluid bath and monitored with thermocouples on the sample
rack.

The laser beam scattered from the sample is then collected by
the lens L2 and directed on to a single mode fiber feeding a Single-
Photon Counting Module (SPCM-AQRH-13-FC, PerkinElmer).
The resulting electrical signal is then passed to an LSi logarithmic
correlator30 that computes the intensity autocorrelation function.

The optical elements (Thorlabs) are mounted on micrometers
that permit horizontal (H) and vertical (V) translations and tilt (T)
and focus (F) movements to facilitate alignment. In particular, the
following movements are allowed: laser (H, V), lens (H, V, T, F),
and fiber (H, V, T). The scattering angle is θ1 = 105○, which, accord-
ing to the relation Q = ∣ Q⃗ ∣ = (4πn/λ) sin(θ/2), where n is the index
of refraction (note n = 1 for neutrons), corresponds to a scattering
vector Q = 0.021 nm–1 for aqueous samples.

A rigid black plastic enclosure (350 mm high), but with an alu-
minum back wall, fits over and locates on the breadboard, com-
pletely enclosing everything inside (see Fig. 2). The only apertures

FIG. 2. Photograph of the DLS-SANS enclosure. The dashed cyan arrow indicates
the path of the neutron beam. The aperture shown for the incoming neutron beam
is 20 mm in diameter.

in the cover are for the passage of the neutron beam (also these are
normally covered by aluminum foil to preserve light-tightness), a
cut-out on the left side where the fluid hoses emanate from, and
a cut-out on the front wall permitting access to a connector panel.
Neither of the last two apertures exposes the direct or reflected laser
beam. There are no optical windows on the enclosure. The aper-
ture in the back cover for the outgoing neutron beam subtends an
angle of ±40○ relative to the axis of the neutron beam. This is suffi-
cient to illuminate all the low- and high-angle detectors in use on the
ISIS SANS instruments in their normal operational configurations.
The reason for an aluminum back wall, behind the samples, is that
some neutrons will be scattered by the sample to large angles and
ultimately pass through the back wall instead of through the foil-
covered neutron beam exit window. If these were to subsequently
reach the neutron detector, they would contaminate the SANS from
the sample. Neutronically, there is much less SANS from aluminum
than from plastic. An alternative strategy would be to simply glue
1 mm thick cadmium sheet (a neutron absorber) onto the aluminum
back wall. However, the use of cadmium introduces an additional
hazard.

The presence of the enclosure and its lid engages microswitches
that form part of the laser interlock system. For sample changes,
undoing six thumbscrews allows just the lid of the enclosure to be
removed, but this operation breaks the laser interlock. For opti-
cal alignment of the apparatus, a key switch on the front connec-
tor panel (visible in Fig. 2) allows suitably authorized persons to
operate the laser without the lid, or indeed the enclosure, in place.
The DLS apparatus is optically aligned for the measurements before
it is placed on the beamline. For such an alignment, the cover is
removed, a cuvette is filled with a calibration standard, and the
intensity of the DLS signal is maximized by slightly changing the
vertical, horizontal, and tilt movements of the fiber and the verti-
cal and horizontal movements of lens L1 and lens L2 in an iterative
procedure. Once the intercept and shape of the intensity autocor-
relation function g2(Q, t) and the derived particle size confirm the
goodness of the alignment, all the movements are locked and the
cover is replaced. The alignment is then re-checked after installation
on the beamline by remeasuring the calibration standard. As long
as the apparatus has been handled carefully, alignment is usually
maintained.
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The overall dimensions of the apparatus are 780 × 350
× 363 mm3 (length × width × height), and its total mass is about
30 Kg.

IV. EXPERIMENTAL METHODS
The apparatus has so far been used on both the LOQ and

ZOOM SANS instruments at ISIS with excellent performance. Pho-
tographs of the apparatus installed on the LOQ and on the ZOOM
instruments are shown in Figs. 3(A) and 3(B), respectively. In
the following, we report DLS-SANS data obtained on the LOQ
instrument.

A. SANS measurements
SANS measurements were performed on the LOQ instrument

located on Target Station 1 at the ISIS Pulsed Neutron and Muon
Source (STFC Rutherford Appleton Laboratory, Didcot, U.K)31 This
is a time-of-flight diffractometer with a typical time-averaged flux
at the sample of 3 × 105 cm−2 s−1 at 25 Hz, which utilizes a poly-
chromatic incident neutron beam spanning wavelengths of 0.22 ≤ λ
≤ 1.0 nm, simultaneously recorded on two, two-dimensional “area”
detectors with overlapping angular coverage, to provide a very wide
dynamic range in scattering vector of 0.07 ≤ Q ≤ 14 nm−1 but with
fixed sample–detector distances of 0.5 m and 4.1 m. This type of
SANS instrument is ideal for studies where the length scales of inter-
est are uncertain, or broad, or indeed evolving, as time-consuming
instrumental re-configurations and re-calibrations are unnecessary.
The neutron beam incident on the sample was collimated to 8 mm
in diameter.

Using the Mantid framework (version 4.1.0),32 each raw SANS
dataset was corrected for the incident neutron wavelength distribu-
tion, the detector efficiency, spatial linearity, the measured sample
transmission, and the sample path length before being radially aver-
aged and converted into the coherent elastic differential scattering
cross section [∂Σ/∂Ω(Q)] as a function of Q, hereafter sim-
ply referred to as intensity, I(Q). This process also merged the
data from the two detectors onto a common Q scale. The con-
tribution from instrumental (vacuum windows, etc.) and sam-
ple (cuvette, incoherent scattering, etc.) background scattering was
removed by subtracting the SANS measured from a pure D2O
sample. Finally, the fully reduced SANS data were placed on an
absolute intensity scale by reference to the scattering from a par-
tially deuterated solid polystyrene blend standard sample of known

molecular weight, measured with the same instrument configu-
ration.33 SANS data analysis was performed using the Sasview
software.34

B. DLS-SANS measurements
To test the performance of the DLS-SANS apparatus, mea-

surements were first made on a light scattering standard sample of
known size, then subsequently on a colloidal suspension of microgel
particles of contemporary interest.

It is worth mentioning that in order to use the DLS-SANS appa-
ratus, one has to verify that the samples under investigation are not
turbid to avoid multiple scattering of the photons. At the moment,
the use of cross correlation techniques35,36 is, in fact, precluded due
to space limitations. Since SANS is an inherently count rate lim-
ited technique, this means increasing the SANS measurement time
to compensate for the use of dilute samples. In our testing, we did
explore some of this envelope. The lowest concentration we mea-
sured was a microgel sample at Cw = 0.03%, but obviously, the size
of the particles being studied and their refractive index had a bearing
on this. The LOQ instrument is, by modern standards, a relatively
low flux instrument. On the ZOOM instrument, we were able to
effectively halve counting times. For testing the DLS-SANS appara-
tus, samples were investigated at a very low concentration to ensure
that the particles were non-interacting so that the hydrodynamic
radii could be confidently obtained from DLS and compared with
the radii derived from the SANS form factor.

1. Standard sample
An aqueous polystyrene latex standard (PLS; NanosphereTM

3000 Series, Fisher Scientific UK) was diluted with D2O from 1%
solids to a weight concentration of Cw = 0.06%. The latex spheres
were certified as having a nominal radius of (31 ± 3) nm.

Representative examples of the resulting DLS intensity autocor-
relation functions, g2(Q, t) − 1, are shown in Fig. 4(A) and those of
the SANS data, I(Q), in Fig. 4(B). The SANS data were acquired over
9 h. The DLS data were measured for 120 s but repeated 17 times
with a delay of 1800 s between repetitions. Hence, during a single
SANS measurement, many DLS correlation functions were acquired.

The particle size was then extracted from the inten-
sity autocorrelation function by fitting it to the conventional
Kohlrausch–William–Watts (KWW) expression,37–39

g2(Q, t) = 1 + b(A−(t/τ)β)2, (1)

FIG. 3. Photographs of the DLS-SANS
apparatus installed on the (A) LOQ and
(B) ZOOM SANS instruments at ISIS.
The neutron beam emanates from the
silver-colored pipes in each image.
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FIG. 4. (A) Intensity autocorrelation func-
tion and (B) SANS intensity as simul-
taneously obtained from the PLS sam-
ple using the DLS-SANS apparatus. The
continuous black lines superimposed on
the data (symbols) are fits to Eqs. (1) and
(3), respectively.

where τ is the relaxation time and β describes the deviation from the
simple exponential decay (β = 1), which gives a measure of the distri-
bution of relaxation times. In this case, a value of β ≅ 1 was found as
expected given the low size polydispersity (PD) of the standard sam-
ple. Alternatives to Eq. (1), such as Cumulant analysis or the Contin
algorithm, can be successfully employed for the determination of
the average particle size and width of the particle size distribution,
even if some limitations may result from a lack of robustness when
dealing with more complex systems.

The diffusion coefficient D was then derived from τ using the
relation τ = 1/DQ2, and from that, the hydrodynamic radius of the
particles was estimated using the Stokes–Einstein relationship for
spherical particles,

R = kBT
6πηD

, (2)

where kB is the Boltzmann constant, T is the sample temperature
(T = 295 K for these measurements), and η is the solvent viscosity
(η = 0.9544 mPa at T = 295 K40). From this analysis, a value of
RDLS = (36.0 ± 0.4) nm was obtained.

The SANS from non-interacting monodisperse spherical parti-
cles of uniform scattering length density (SLD) is given by41

I(Q) = ΦV(Δρ)2[3(sin(QR) −QRcos(QR))
(QR)3 ]

2

+ bkgd, (3)

where Φ is the volume fraction of particles, V is the volume of one
particle, Δρ is the difference in neutron scattering length density
(SLD42) between the particles (ρPSL = +1.42 × 1010 cm−2) and the
dispersion medium (ρH2O = −0.56 × 1010 cm−2 and ρD2O = +6.33
× 1010 cm−2), R is the radius of the particles, and bkgd is the residual
Q-independent background. Where necessary, Eq. (3) can be inte-
grated over a particle size distribution. Here, polydispersity was not
taken into account, assuming a highly monodisperse sample, but the
estimated dQ data were used for instrumental resolution smearing.

Least-squares fitting Eq. (3) to the SANS data returned a value
of RSANS = (34.5 ± 0.3) nm in very good agreement with the expected
radius and with RDLS. This gave confidence that the DLS-SANS
apparatus was working as intended. Note that it is not uncommon
for RDLS > RSANS as the former typically includes a “shell” of coor-
dinated solvent molecules that moves with the particle and retards
Brownian diffusion. The difference observed here is entirely con-
sistent with measurements of the typical thickness of this solvent
shell.43

2. PNIPAM microgel sample
The second sample that has been investigated was an aque-

ous suspension of poly(N-isopropylacrylamide) (PNIPAM) micro-
gel particles. PNIPAM microgels are thermoresponsive colloidal
particles having rather different dimensions on either side of a
temperature-induced Volume Phase Transition (VPT). The parti-
cles collapse from a swollen to a shrunken state at T ≅ 305 K. This
soft colloid, and its derivatives, has been widely studied in the lit-
erature both from the fundamental science perspective and for its
many potentially innovative applications.44–46 For the present study,
a PNIPAM microgel was synthesized in our laboratory following
the procedure fully described in Refs. 47 and 48. A dispersion of
the microgel in D2O at a weight concentration Cw = 0.3% was
measured at T = 293 K, below the VPT, and at T = 313 K, above
the VPT. Representative examples of the resulting DLS intensity
autocorrelation functions, g2(Q, t) − 1, are shown in Fig. 5(A) and
those of the SANS data, I(Q), in Fig. 5(B). The SANS data were
acquired over 8 h at T = 20 ○C and over 6.5 h at T = 40 ○C. The
DLS data at T = 20 ○C were acquired with 25 repetitions of 120 s
and at T = 40 ○C with 20 repetitions of 120 s, with intervals of 1000 s
between repetitions. Hence, again, during a single SANS measure-
ment, a large number of DLS correlation functions were obtained.
Thus, through the DLS data, it is therefore possible to monitor
any changes in the behavior of the sample that are occurring dur-
ing each SANS measurement. However, in the future work, we
expect to be able to correlate the DLS data with time-sliced SANS
data.

The differences between the swollen and shrunken states are
clearly evident in both cases. As before, the DLS data have been fitted
to Eqs. (1) and (2) to obtain the hydrodynamic sizes of the microgel
particles. This yielded RDLS = (34.4 ± 1.2) nm at T = 293 K and RDLS
= (20.3 ± 1.4) nm at T = 313 K.

Interpreting these SANS data is, however, a little more com-
plicated because, unlike the standard sample, the internal structure
of the microgel particles is not homogeneous and the interface with
the dispersion medium is less-defined. The former condition can be
accounted for by assuming that the distance between cross-links in
the microgel (the “mesh size”) can be described by a single den-
sity correlation length. The scattering from this is the well-known
Ornstein–Zernicke model, which has a Lorenztian form. The second
condition can be accounted for by taking the scattering function for
a sphere [the term in the square brackets in Eq. (3)] and convoluting
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FIG. 5. (A) Normalized intensity auto-
correlation function and (B) SANS inten-
sity as simultaneously obtained from the
PNIPAM microgel sample at T = 293 K
(below the VPT) and at T = 313 K (above
the VPT) using the DLS-SANS appara-
tus. The continuous black lines superim-
posed on the data (symbols) are fits to
Eqs. (1) and (4), respectively.

it with a decay function to “soften” the drop-off in scattering length
density at the periphery of the sphere. A common decay function
that is applied is a Gaussian, and this leads to a model known as the
“fuzzy sphere.”49 The overall scattering function is then a sum of the
two contributions:50,51

I(Q) = [Φ
V
[3VΔρ(sin(QR) −QRcos(QR))

(QR)3 exp(−(σQ)2

2
)]

2

+ [ IL(0)
1 + (ξQ)2 ]] + bkgd, (4)

where Φ, V , and Δρ all have the same meaning as before (with the
scattering length density of PNIPAM ρPNIPAM = +8.14 × 109 cm−2).
The parameter σ is the “fuzziness” of the particle interface, related
to the distance over which the SLD decays from its starting value
(σ ≪ R). The way that this is defined means that in this model R is
the radius at which the SLD profile has decreased by half. The over-
all radius of the microgel particle is then given by RSANS = R + 2σ.52

The gel structure itself is characterized by the correlation length ξ.
IL(0) is the intensity of the Lorentzian contribution at Q = 0. Where
necessary, Eq. (4) can be integrated over a particle size distribution.
Radius polydispersity (PD) was accounted for with a Schulz distri-
bution and the estimated dQ data were once again used to account
for instrumental resolution smearing.

Least-squares fitting Eq. (4) to the SANS data returned values
of RSANS = (31.1 ± 0.4) nm with PD = 0.25 at T = 293 K and RSANS
= (19.9 ± 0.8) nm with PD = 0.14 at T = 313 K. These values are again
in very good agreement with the hydrodynamic radii from the DLS.
It is interesting to note that agreement is better when the micro-
gel particles are in the shrunken state presumably because they then
appear more homogeneous.

V. CONCLUSION
In this work, we have presented a new dynamic light scatter-

ing apparatus conceived to permit simultaneous DLS and SANS
measurements and demonstrated that it produces good qual-
ity and reliable data with test measurements on two different
samples (a polystyrene latex calibration standard and a poly(N-
isopropylacrylamide) microgel dispersion) on two SANS instru-
ments at the ISIS Pulsed Neutron and Muon Source. Using the DLS

data to derive size information produced results in excellent agree-
ment with the values obtained from the SANS data. However, the
real benefit of DLS is its ability to provide information about the
microscopic dynamical behavior in soft matter samples, particu-
larly in those that are sensitive to small changes in physicochemical
stimuli. This will be the focus of future work.
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